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Abstract
Organic amendments (OAs) and soilborne biocontrol agents or beneficial
microbes (BMs) have been extensively studied and appliedworldwide inmost
agriculturally important plant species.However, poor integration of research
and technical approaches has limited the development of effective disease
management practices based on the combination of these two bio-based
strategies. Insights into the importance of the plant-associated microbiome
for crop productivity, which can be modified or modulated by introducing
OAs and/or BMs, are providing novel opportunities to achieve the goal of
long-term disease control. This review discusses novel ways of functionally
characterizing OAs and how they may be used to promote the effect of
added biocontrol agents and/or beneficial soil microbiota to support natural
suppressiveness of plant pathogens.
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INTRODUCTION
Increasing public awareness about sustainable crop and vegetable production has prompted re-
search into low-input agricultural management practices. However, considerable losses are still
caused by soilborne plant pathogens, which are difficult to control with synthetic chemical pes-
ticides. The global ban of methyl bromide, which is associated with restrictions on the use of
alternative soil fumigants (74), has further increased the need for methods providing acceptable
levels of disease control but limited side effects on the environment.
In this context, the use of organic amendments (OAs), possibly integrated with applications
that introduce or promote the activity of beneficial microbes (BMs), has been proposed but its
potential is not yet fully explored. Control of soilborne pathogens has been obtained by using
green and animal manure (61), organic wastes from agro-industry (28), compost (40), and, more
recently, biochar (31). The list of affected pathogens includes bacteria (e.g.,Ralstonia solanacearum),
oomycetes (e.g., Phytophthora spp. and Pythium spp.), and fungi (e.g., Fusarium spp., Rhizoctonia
solani, Sclerotinia spp., Sclerotium spp., and Verticillium dahliae) (11). In the case of BMs, their
usefulness is illustrated by the large number of products available worldwide (69).
Despite the recognized potential value of OAs and BMs, lack of predictability and consistency
still limit their adoption in commercial agriculture. It has been reported that OAs are not effective
for disease control and in quite a few cases may enhance plant disease intensity (77, 103, 121). Un-
desired side effects of BMs seem to be less frequent, but their efficacy can vary greatly when applied
to different cultivation systems and soil types or in diverse climatic conditions (114). Therefore,
an improved understanding of the mechanisms that regulate OA-based suppressiveness, as well as
pathogenic and antagonistic microbe interactions, will help to develop new, more-reliable product
applications.
This review explores the opportunity provided by powerful chemical and genetic tools to study
OA nature, application, and mechanisms of action in relation to the current understanding of
microbial ecology in the soil. The two topics are linked by addressing the issue of the nutritional
role of OAs and the effect on the virulence and aggressiveness of soilborne plant pathogens, BMs,
and native microbiota. Finally, we discuss the principles for applying effective combinations of
different OA types and BMs.
HISTORICAL OVERVIEW
Organic Amendment for the Control of Soilborne Pathogens
In the past 70 years, hundreds of papers, based on thousands of experiments, have reported the
suppressive effect of different OA types on 78 plant pathogen species (Figure 1). Early scientific
evidence dates back to the 1940s and 1950s, when crop residues and N-rich organic wastes were
found capable of controlling R. solani, Fusarium oxysporum, andVerticillium albo-atrum (97, 116). In
the 1960s, the research effort led byG.C. Papavizas studied the effect of crop residues on Fusarium
species, R. solani, and Thielaviopsis basicola, among other pathogens (1, 86). With the exception of a
few papers linkingOAs to soil fungistasis (67), interest in the biocontrol properties ofOAs declined
in the 1970s. It recovered in the next two decades thanks to the work of the Hoitink group on
the suppressiveness of some peat-based potting mixes and compost (26, 44, 70). According to a
meta-analysis of this topic based on 2,423 experiments, OAs were indeed suppressive in 45% of
cases and had a nonsignificant effect in 35% of cases, although there was a significant increase in
disease incidence in 20% of the tests (11).
Compost remains the most widely studied OA type, with more than 1,000 related papers,
followed by crop residues, organic wastes from the agro-industry (e.g., from olive, paper, and fish
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A
nn
u.
 R
ev
. P
hy
to
pa
th
ol
. 2
01
8.
56
:1
-2
0.
 D
ow
nl
oa
de
d 
fro
m
 w
w
w
.an
nu
al
re
vi
ew
s.o
rg
 
A
cc
es
s p
ro
vi
de
d 
by
 U
ni
ve
rs
ita
 d
eg
li 
St
ud
i d
i N
ap
ol
i F
re
de
ric
o 
II 
on
 0
9/
13
/1
8.
 F
or
 p
er
so
na
l u
se
 o
nl
y.
 
PY56CH01_Lorito ARI 18 July 2018 7:46
1950
1960
1970
1980
1990
2000
2010
Early evidence of organic
amendment disease
suppression (e.g., 116)
Organic amendment Beneficial microbes
Suppressiveness of crop
residues and organic wastes
from agroindustry (e.g., 86)
Soil fungistasis (66)
Growing evidence of compost
suppressiveness (e.g., 26)
Peat suppressiveness is a
substrate-dependent
phenomenon (44)
Cases of specific suppression (113) 
Microbial diversity and disease suppression (35)
Compost suppressiveness (40)
Trichoderma effect on plants (69)
Disease suppression in organic farming (106)
Management of soil microbiome for disease suppression (76)
Coevolutionary framework for suppressive soils (56)
Soil health and disease management (60)
Beneficial and antagonist microbes from soils (see 3)
Naturally suppressive soil linked to microbes (3, 46)
Development of specific antagonistic strains
• Agrobacterium radiobacter (e.g., K84)
• Ampelomyces quisqualis (e.g., M10)
• Bacillus subtilis (e.g., QST713)
• Coniothyrium minitans (e.g., CON/M/91-08)
• Nonpathogenic Fusarium oxysporum (e.g., Fo47)
• Pseudomonas fluorescens (e.g., CHA0)
• Trichoderma harzianum (e.g., T22)
Biofumigation (e.g., 7)
Soil memory and immunity (59, 89)
Evidence of biochar
suppressiveness (31)
Figure 1
Historical perspective of the research and main scientific achievements on organic amendments and
beneficial microbes for control of soilborne pathogens. The length of crossing horizontal lines indicates the
level of integration between the two main topics.
and meat meal), and peat-based substrates (11). In addition, OAs made of biochar have received
considerable attention because of their activity on both soilborne and airborne diseases (31, 80).
The most popular plant pathogen target in the OA-related literature has been R. solani, with more
than 700 experiments published, followed by Pythium (473), Fusarium (259), and Phytophthora
species (186). The number of papers reporting tests performed with Verticillium spp., Sclerotinia
spp., T. basicola, Sclerotium rolfsii, or Macrophomina phaseolina is less than 100 (11).
www.annualreviews.org • Organic Amendments, Beneficial Microbes and Soil Microbiota 3
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Beneficial and Antagonistic Microbes
The link between soil suppressiveness and the presence of BMs acting by such mechanisms as
nutrient competition, direct antagonism, parasitism, and antibiosis was suggested by studies in
the 1930s (38, 109), confirmed in the 1950s and 1960s (83), and finally established by the work
of Baker & Cook and others in the 1970s (3) (Figure 1). Concurrently, the development of ever
more sophisticated techniques for microbe isolation and characterization allowed identification
of a variety of bacteria and fungi able to act beneficially when proliferating in the soil for disease
control and plant-growth promotion. Species reported in the 1970s included those belonging to
the Agrobacterium, Pseudomonas, Bacillus, Streptomyces, and Trichoderma genera. The following step
(from the mid-1980s and through the 1990s) was to study and select particularly active strains for
use in converting soils or growth substrates from conducive to suppressive. This led to themarket-
ing of a broad range of plant protection products, which are officially registered in no fewer than
100 countries worldwide, with the most successful based on one or two BMs (see Reference 118
for a review of Trichoderma-based products). It took approximately 10 more years to generally
recognize that often the same strains or species found useful for pathogen control could also act
as plant growth–promoting agents able to increase yield and/or improve quality in both conven-
tional and organic farming. Results have focused on understanding the mechanism of interaction
between soil microbes (e.g., beneficial versus pathogenic) or the biocontrol agent and the plant
(69). The fruits of such efforts have provided accurate genetic information linked to specific func-
tions, microbial compounds positively affecting plant metabolism, and more effective and reliable
BM strains. However, the rush for the best strain or BM-active principle appears to have become
disconnected from the idea of exploiting soil general suppressiveness, as demonstrated by the rel-
ative scarcity of studies that link the two topics (Figure 1). Finally, the entry of biocontrol-related
research into the microbiome area promises to close this gap, reconnecting research on selected
BMs and the broader microbial community. The next technology advancement may come from
the recognition that (a) soil- and plant-related microbiomes are shaped by the plant and define
its health status and modulate the efficacy of both pathogens and specific BMs even following an
inundative application; (b) beneficial properties of the soil microbiome and the activity of biocon-
trol agents can be enhanced by using a well-characterized OA; and (c) the availability of powerful
chemical and genetic analysis tools may allow identification of the main factors that determine the
outcome of the complex plant-microbe interactions following BM and OA application.
ORGANIC AMENDMENTS: FROM SNAKE-OIL REMEDY
TO A RELIABLE TOOL FOR DISEASE CONTROL
Practical application of the capacity of OAs to control plant diseases is still limited despite the
thousands of published supporting tests. The main reasons lie in the inconsistency of results
and difficulty predicting the effect in different pathosystems (93, 102). A key issue is the lack of
knowledge regarding the chemical, biochemical, and biological factors responsible for effective
OA-based disease suppression. A meta-analysis that compared 81 parameters, based on 643 corre-
lations between OA traits and suppressiveness, found only weak relationships (10), with the most
promising factor being the rate of fluorescein diacetate (FDA) hydrolysis or soil respiration, total
microbial biomass, and population density of fluorescent pseudomonads and Trichoderma. Thus,
an in-depth understanding of the interactions between pathogens, BMs, and native microbiota
may help to apply OAs successfully. In this context, we believe that an improved definition of OA
chemical composition and properties could assist in using OAs successfully to promote microbial
activity related to disease control.
4 Bonanomi et al.
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Suppressive Effect of Organic Amendments: The Importance
of Chemical Composition
Various mechanisms have been described to explain OA suppressiveness, including the release of
fungitoxic compounds, such as glucosinolates from Brassicaceae (61) or ammonia (101), during
decomposition in the soil. In most cases, however, the activity of soil microbiota is more directly
involved. OAs increase biomass and thusmay enhance antagonism of the residentmicrobes against
pathogens, with a suppression effect found in the spermosphere and rhizosphere (84). By mod-
ulating BM populations, OAs can also induce a systemic resistance in the host plants, as already
demonstrated for compost (122) and biochar (32).
The link between OA chemical composition, BM activity, and disease suppression was first
demonstrated in a simplified system. Dark peat was not as suppressive to Pythium damping-off
when compared to light peat because of its low carbohydrate content (8), a property that made
dark peat unable to sustain the life of biocontrol agents such as Pseudomonas species. Light peat
was richer in carbohydrates and promotedmicrobial activity, as measured by fluorescein diacetate,
indicating that disease suppression is a substrate-dependent phenomenon (44).
Defining Organic Amendment Quality: Beyond the C:N Ratio
OAs made from a broad variety of materials have been used, including raw crop residues and
organic wastes, substrates like peat and compost, and biochar, i.e., the material generated through
pyrolysis at temperatures ranging from 200◦C to more than 1,000◦C. Consequently, the organic
carbon fraction of such materials is chemically heterogenic. In the 1950s and 1960s, OA chemistry
was defined using parameters such as cellulose and lignin content, and the C:N ratio index. Even
today, most publications on this topic still use the C:N ratio as the main descriptor of organic
matter quality. However, the latter parameter was originally developed to measure the kinetics of
organicmatter decomposition in soil (100), and its use as a quality index has been heavily criticized.
According to studies on C-cycling in natural ecosystems, the C:N ratio is a poor predictor of leaf
litter decomposition in tropical (42) and temperate forests (17). Moreover, the limited usefulness
of C:N ratio measurements to predict the impact of OAs on some ecosystem functions has been
recently demonstrated, including effects on phytotoxicity toward root proliferation (16), soil struc-
tural stability (92), soil water repellency (25), and organic C-cycling (49). The C:N ratio refers to
the total amount of organic C independent of the biochemical composition, whichmay range from
simple sugars to highly aromatic materials recalcitrant to decomposition, such as lignin or biochar.
This alone could explain the unsuccessful use of the C:N ratio to predict soilborne disease suppres-
sion by OAs (10). Indeed, OAs with similar C:N ratios might demonstrate completely different
properties in the soil. Some compounds (e.g., simple sugars, cellulose, and sawdust powder) with a
high C:N ratio may stimulate proliferation of microbes competing for mineral N, thus impairing
the saprophytic growth and infection by F. solani (97). However, some wood biochars with very
high C:N ratios do not induce N starvation or limit the saprophytic growth of phytopathogens.
Conversely, several studies have shown that the temporary accumulation of ammonia or nitrous
acid in acidic soils, following application of meat meal with a very low C:N ratio (below 10–12),
kills themicrosclerotia ofV. dahliae (101).Moreover, this index is unable to discriminatemeatmeal
from stabilized composts or humus-like materials, which, despite the low C:N ratio, mineralize
N very slowly. In addition, the C:N ratio of OAs is not related to the response of soils in terms
of fungistatic activity. This has been demonstrated recently in a study using 42 OAs, where the
recovery of the inhibitory effect, which is typically lost, after the typical reduction occurring in
the early phase following the application, was independent of the C:N ratio (15).
www.annualreviews.org • Organic Amendments, Beneficial Microbes and Soil Microbiota 5
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13C Cross-Polarized Magic Angle Spinning Nuclear Magnetic
Resonance–Based Characterization
The limited value of the C:N ratio as a predictor of disease suppression makes it necessary to
achieve better characterization of OA chemistry. Several high-throughput methods have been
used to characterize organic matter, including pyrolysis–gas chromatography/mass spectrometry
(47), near-infrared reflectance (37), and Fourier-transform infrared spectroscopy (48). However,
none of them have proven useful to describe OA composition in relation to disease suppression.
Although these methods provide a very detailed description of OA composition at a molecular
level (110), they have provided information that is difficult to convert into a user-friendly index
that can be understood and used by agronomists and farmers.
In this regard, the 13C cross-polarized magic angle spinning nuclear magnetic resonance (13C-
CPMAS NMR; hereafter, 13C NMR) spectroscopy is considered to have several advantages over
other techniques. It is carried out in solid state by using the raw organic substrate, which permits
direct evaluation of OA chemical composition without the bias due to an extraction procedure
(63). Furthermore, and most importantly, 13C NMR is able to identify key chemical features that
characterize the different OAs, and these data are relatively simple to analyze and relate to soil
functions. In general, 13C NMR spectra are usually divided into seven main regions associated
with different C types (57, 75); i.e., 0–45 ppm alkyl C; 46–60 ppm methoxyl and N-alkyl C; 61–
90 ppm O-alkyl C; 91–110 ppm di-O-alkyl C; 111–140 ppm H- and C-substituted aromatic C;
141–160 ppm O-substituted aromatic C (phenolic and O-aryl C); and 161–190 ppm carbonyl C.
Measuring the relative abundance of these regions may provide a rapid and effective description
of the C chemical quality of OAs (Figure 2). For instance, sawdust or grass crop residues are very
rich in the O-alkyl C and di-O-alkyl C fractions that are mainly associated with simple sugars
and carbohydrates. Biologically stabilized OAs such as peat and compost usually have lower O-
alkyl C and di-O-alkyl C fractions but contain an alkyl C component related to lipids (Figure 2).
Lignin-rich materials like sawdust, as well as lignified crop residues, have considerable peaks in
the aromatic regions. The OAs derived from animal tissues (e.g., meat and fish meal) can be
easily distinguished by their high relative content in carbonyl C and alkyl C fractions, combined
with the low relative abundance of O-alkyl C type (Figure 2). Finally, biochar of any origin
produced at temperatures greater than 500◦C demonstrates a unique spectrum, with a major peak
at 125–130 ppm characteristic of aromatic C produced during pyrolysis. Biochar produced at
lower temperatures (e.g., 300◦C) has a different profile, showing two main peaks in the aromatic
and alkyl C types (Figure 2).
Boehm et al. (8) made the first successful attempt to use this technique to discriminate suppres-
sive from conducive peat for the control of damping-off caused byPythium ultimum, demonstrating
that light peat, which is richer in the O-alkyl C fraction, was suppressive because of increased car-
bohydrate availability that supported the antagonistic activity of Pseudomonas species. By contrast,
the much older brown peat depleted in the O-alkyl C fraction was unable to feed the antagonistic
microbe that suppressed the pathogen. This pioneering study inspired further research, although
13C NMR chemical characterization was not always useful in identifying the correlation between
suppressiveness and organic C composition of compost and native soil organic matter (23, 85, 99).
The meta-analysis performed on all the available studies confirmed this finding (10).
LINKING SOIL MICROBIOME FUNCTIONS TO ORGANIC
AMENDMENT CHEMISTRY
It is clear that no single parameter, including data from 13C NMR–based analysis, is sufficient to
effectively predict the suppressiveness of OAs to soilborne pathogens. This may be due to the fact
6 Bonanomi et al.
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Figure 2
Chemical diversity of typical organic amendments used in agriculture defined by 13C cross-polarized magic
angle spinningnuclearmagnetic resonance.Reference spectral regions and correspondingC types are included.
that the mechanisms of disease suppression are indirect, and, in most cases, the effect is mediated
by BMs or the entire soil microbiome. In general, microbiome composition is determined by the
chemical components of the native soil, with the main factors being soil organic matter (82), root
exudates (5), and exogenously added OAs (65). This is analogous to what has been demonstrated
in animals and humans, where gut microbiome composition is shaped by the diet (4) and the
amount and quality of OAs may play a major role in defining the composition and functions of
soil microbial communities. To this end, 13CNMR spectroscopy could provide a powerful disease
suppression prediction tool if the compound identification data are associated with activities and
the structure of the soil microbiome.
www.annualreviews.org • Organic Amendments, Beneficial Microbes and Soil Microbiota 7
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Organic Amendment Controls the Soil Microbiome
The soil is a bioreactor containing a complex microbiota, possibly made up of thousands of
bacterial and hundreds of fungal strains that coexist by exploiting a variety of organic carbon
sources (33). Their scarcity, often found in agricultural soils, drives intense competition among
microbes. By providing a diversified food base, OAs may alleviate starvation for organic C and,
consequently, modify the interactions and equilibrium of microbe populations. This phenomenon
was characterized in earlier studies as well as in more recent, next-generation sequencing-based
research (2, 50, 65). The impact on the soil microbiome depends on timing, the OA type, and the
amount and frequency of the application (24). It may be relatively fast, resulting in a dramatic shift
in population composition only a few days after treatment (115), with the effect lasting months or
even years (53). Long-term experiments in organic farming based on repeated applications of OAs
confirmed that over time this practice promotes microbial diversity in the soil and crop yield (41,
71). Likewise, a more recent long-term study reported an increased abundance of acidobacteria,
firmicutes, and especially enchytraeid worms (13).
Themain question is how the potential of OAs to shape the soil microbiota can be reliably used
to enhance the activity of BMs without stimulating pathogen populations and virulence. Recently,
Inderbitzin et al. (50) reported that soil applications of broccoli residues and crab meal enhanced
the relative abundance of Pseudomonas and Streptomyces with antagonistic activity toward wilt-
causing Verticillium, thus contributing to disease suppression. In many cases, a simplified research
strategy has been used, where OAs of different origins are applied and the subsequent changes in
the soil microbiome determined. Obviously, for significant progress in our understanding of OA
effects on the soil-plant microbiome, a new approach is required in which feeding preferences for
OA-based nutrients of plants and saprophytic, beneficial, and pathogenicmicrobes are considered.
Unraveling the Feeding Preference of Microbes and Plants
When applied to the soil, OAs affect all living components, including plants and autotrophic,
heterotrophic, and saprophytic microbes. An in-depth understanding of the effect of OAs upon
each different trophic group would be an important step toward the sound use of such materials.
However, our current understanding of the feeding preference, e.g., during the saprophytic phase
of either pathogenic microbes or BMs, is generally inadequate for reliably predicting the impact
of OAs. To fill this gap, recent studies have combined 13C NMR–based characterization of many
types of OAs with a multitrophic bioassay to distinguish the nutritional responses of different
components of the soil system (12, 16, 19).
13C NMR analysis reveals a clear difference in the feeding preferences of the diverse organ-
isms, especially when plants and microbes are compared in terms of organic compounds utilized
(Figure 3). In general, plant root development is inhibited by OAs containing a high content of
labile C, i.e., O-alkyl C and di-O-alkyl C, as well as carbonyl C, whereas root proliferation was
stimulated in substrates rich in aromatic C types. In contrast, the microbes thrive on OAs rich in
sugars and cellulose, i.e., O-alkyl C and di-O-alkyl C fractions, and showed poor development on
materials rich in lignin and aromatic C types. Growth of all tested fungal species was positively cor-
related with methoxyl and N-alkyl C and the O-alkyl C regions but negatively associated with the
presence of two aromatic C regions (Figure 3). Interestingly, Trichoderma harzianum, Aspergillus
niger, and Fusarium oxysporum showed only small differences in their responses. However, the soil-
borne fungus R. solani, which may thrive as a plant pathogen as well as a saprophyte, produced a
distinct intermediate pattern between plants and fungi. Compared to fungi, bacteria demonstrated
a lower degree of correlations between nutritional response and the different C types found in the
8 Bonanomi et al.
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Figure 3
Response of plants (root proliferation), fungi (hyphal growth), bacteria (proliferation), and nematode
(survival) to different C types of organic amendments. Data are correlations (Pearson’s r) with 13C
cross-polarized magic angle spinning nuclear magnetic resonance spectral signals of organic amendments.
OAs. Interestingly,Agrobacterium tumefaciens showed poor saprophytic abilities and a distinct feed-
ing preference comparable to that of BMs such as Bacillus, Pseudomonas, and Lysobacter (Figure 3).
Some interspecific differences were also noticed within the Pseudomonas genera in comparisons of
Pseudomonas fluorescens, Pseudomonas viridiflava, and Pseudomonas syringae pv. tomato (19). Recently,
the response of the nematode Meloidogyne incognita was also investigated when challenged with a
range of OA types. The nematode showed distinct preferences, demonstrating a response more
similar to that of higher plants than to that of bacteria and fungi (Figure 3).
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From a technical point of view, an extensive correlation analysis of all signals performed on
restrictedNMR spectra sections, as compared to the wider areas typically used in most studies (57,
75), allowed more detailed determination of the feeding preferences of different organisms (12,
49). Moreover, analysis of restricted (selected) resonance intervals within the alkyl C, methoxyl C,
O-alkyl C, and di-O-alkyl C spectral regions may help gain insights into specific effects of OAs,
such as why plant root growth is negatively affected by labile C but positively associated with
signals related to plant tissue lignification. The opposite response was observed for bacteria and,
particularly, fungi (12). Clearly, a more in-depth study that systematically compares microbial
growth over a wide range of OA types is required. The great diversity of soil microbes and OA
chemicals makes this a considerable research challenge, especially given the limited availability of
solid-state 13C NMR spectroscopy facilities for this type of investigation. Part of the solution is
to make the data already obtained in various laboratories worldwide openly accessible.
COMBINING ORGANIC AMENDMENTS AND BENEFICIAL
MICROBES FOR DISEASE SUPPRESSION
OA profiles of feeding preferences for plants and microbes may help to build reliable guidelines
for a combined application of organic matter and BMs to suppress soilborne pathogens.
Positive and Negative Effects of Organic Amendments on Plants
Application of OAs to soil has direct effects on plant growth and development that range from in-
hibition to growth promotion. Characterization of more than 100 organic substrates by 13CNMR
associated with bioassays performed onmore than 20 plant species allowed C types with inhibitory
or stimulatory effects to be identified (12, 16). Undecomposed OAs, such as plant residues and
by-products from agro-industrial processes, typically have broad nonspecific phytotoxic effects on
root growth, as demonstrated by three studies made with 21 (68), 64 (16), and 65 (81) different
plant residues, respectively. Bonanomi et al. (21) reported that phytotoxicity of leaf and root debris
depends on the plant functional type or origin, with tissues from nitrogen-fixing species being the
most toxic, followed by forbs, woody species, and grasses. Root growth was generally negatively
associated with O-alkyl C and di-O-alkyl C contents of OAs but stimulated by the presence of
lignified plant tissue. Raw, N-rich organic wastes from animal origins such as meat and fish meal
were particularly phytotoxic and could be easily identified by 13CNMR because of their very high
carbonyl C content.
Decomposition due to microbes plays a key role in determining the phytotoxic effect of OAs
by modulating the relative abundance and activity of inhibitory compounds in the soil ecosystem.
A number of studies have established that the phytotoxicity of plant residues and undecomposed
organic waste is a transient phenomenon that lasts from a few days to several weeks (91, 104).
For example, 5 to 30 days is the typical toxic time lag of crop residues when soil environmental
conditions are within the normal range for moisture and temperature, followed by a quick decline
and complete disappearance of toxicity after 60 to 90 days of decomposition (21). Unsurprisingly,
after months (e.g., compost) or millennia (e.g., peat) of decomposition, biologically stabilized OAs
show no phytotoxic effects. 13C NMR may also be useful in identifying the state of maturation
of OAs (98), where a progressive decrease in O-alkyl C together with an increase in the alkyl C
region are indicators of biological stabilization of organic substrates.
A recent report suggests that crop residues may also have a species-specific, long-lasting in-
hibitory effect on plant growth (78). The specificity of the process has been associated with the
release of extracellular DNA (exDNA) in the soil during the decomposition of plant debris. The
10 Bonanomi et al.
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study proposes that accumulation of fragmented (fragment size between 50 and 2,000 bp) extra-
cellular self-DNA (i.e., DNA originating from conspecifics) produces species-specific inhibitory
effects. Similar findings were also reported for bacteria (6) and fungi (79).
Considering both the short- and long-term nonspecific phytotoxicity of OAs, as well as the
species-specific toxicity of crop residues, is important for sound, effective implementation at the
field level. For example, seeding or seedling transplant should be delayed at least 2–3 weeks after
the application of rawOAs.This avoids the risk of phytotoxicity or increased incidence of soilborne
pathogens, as reported for different formae speciales of F. oxysporum (119, 120), Pythium spp., and
R. solani (9). Indeed, meta-analysis of the literature (11) indicates that this was the case in many
experiments.
Managing Diseases and Shaping Beneficial Microbiota in the Soil
The addition of OAs to the soil may provide a food base for BMs but may also support the
growth of pathogens. In terms of saprophytic capabilities, soilborne fungi are simply classified as
strong (e.g., R. solani, F. oxysporum, some Pythium species) or weak saprotrophs (e.g., V. dahliae,
T. basicola, several Phytophthora species). Limited knowledge is available on how these microbes
exploit complex food sources such as crop residues, compost, and biochar. Instead, the feed-
ing preference profiles allow substantial differences among species with radically different habits
to be appreciated (e.g., pathogens such as R. solani versus antagonists such as T. harzianum)
(Figure 3). However, in contrast to plants, only a handful of feeding preference profiles are
available for microbes and are based on fewer than 20 organic substrates characterized by 13C
NMR. This limits the possibilities of improving OA-based field applications to regulate popula-
tions of beneficial and pathogenic microbes. In contrast, green manuring (i.e., the incorporation
of crop residues in soil) may increase populations of pathogens, as found with residues from N-
fixing legumes, which controlled T. basicola but stimulated Pythium spp. and R. solani (72, 90).
The effect depends on the plant origin of the residue and its (a) functional group (e.g., herba-
ceous, nitrogen-fixing legumes, Brassicaceae, and grasses); (b) effect on soil biogeochemical prop-
erties (e.g., nitrogen-fixing legumes, brassica); (c) category (monocots versus dicots) and taxonomic
groups (e.g., cereals and legumes); and (d ) tissue maturity level. 13C NMR analysis would allow,
for example, selection of the appropriate plant origin and tissue maturity level to reduce the risk
of negative side effects on disease incidence.
A similar approach could be followed to improve the usefulness of fortified compost and other
biofertilizers. In several cases, the combination of BMs with OAs resulted in a synergistic positive
effect in terms of plant-growth promotion and disease control (34, 96). For example, Fusarium
wilt of banana was inhibited by using Bacillus raised in a solid fermentation on a manure substrate
(95). However, OA-BM combinations have been mostly made by using locally available materials
and simply tested by monitoring their performance over time. Also in this context, 13C NMR–
based nutritional profiling would aid in the preliminary identification of OA properties that could
support the growth of different antagonistic microbes according to their feeding preferences.
Induction of systemic resistance in plants by compost was first demonstrated in cucumber
by Zhang et al. (122) for soilborne (i.e., P. ultimum and Pythium aphanidermatum) and airborne
pathogens (i.e., Colletotrichum orbiculare). Subsequent studies confirmed that different compost
types (55, 87) and biochar (32) can stimulate plant defense responses. However, current un-
derstanding of the relationships between OA chemistry and the induction of systemic disease
resistance in the plant is limited. This process is known to be activated by chemical compounds,
including some found in OAs, that are applied exogenously or produced by plant-associated non-
pathogenic microbes. For instance, enhanced resistance was obtained when compost was added
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to a peat mixture that was previously colonized by a biocontrol strain of Trichoderma hamatum,
with the authors concluding that in this case only the fungus activated a systemic response in the
plant (45). Thus, selected OAs could modulate the activity of biocontrol agents in terms of both
direct and plant-mediated pathogen inhibition.
Organic Amendment Decomposition and Disease Suppression
Once incorporated into potting mixtures or soil, all OAs, because of microbial decomposition,
release compounds that support or stimulate various biological processes. The activity of het-
erotrophic microbes that feed on organic matter progressively alters OA chemistry, which in turn
promotes a microbial turnover that further changes OA composition. This process makes the
disease suppression ability of OAs a dynamic and continuously modified trait. In this regard, the
meta-analysis performed by Bonanomi et al. (10) indicates that the OA decomposition stage had
a significant effect in 73% of the studies analyzed (N= 426) and thus plays an important role.
Early investigations recognize that after the application of OAs, soil suppressiveness may dra-
matically change over time, either increasing, decreasing, remaining unchanged, or demonstrating
more complex responses, e.g.,U-shaped or∩-shaped dynamics (28, 39, 93).Decomposition-driven
changes are well known only for peat because this material generally loses its suppressiveness dur-
ing the process of aging (8). In contrast, the complex relationship between OA maturity and
suppressive activity is poorly understood for compost, crop residues, and organic wastes. For in-
stance, Tuitert et al. (105) found that undecomposed as well as mature composts were suppressive
to R. solani damping-off, whereas partially decomposed materials were conducive. In the case
of crop residues, an analysis of nine studies of comparable duration indicates that disease sup-
pression toward Pythium spp. consistently increases during decomposition, whereas inhibition of
R. solani often decreases during breakdown (10). Such different outcomes make it difficult to pre-
dict the persistence of significant disease suppression in the short (days), medium (weeks), and long
(months to years) term after OA application. Again, a detailed description of initial OA chemistry
made by 13C NMR may help to predict the modifications, and the consequent effects on the mi-
crobiome, that the material will undergo when introduced into the soil. For instance, amendments
rich in N and labile C, such as meat and fish meal, are subjected to deep changes in a time frame
of hours and days (101), whereas biochar remains stable in the soil for decades or even centuries
(111).
A Case Study: Disease Suppression by Application of Biochar
and Terra Preta Substrates
The disease-suppressive properties of peat (44), crop residues (11), and compost (40) have been
comprehensively presented elsewhere.Here, we focus on biochar, anOA that has recently received
considerable attention. Biochar is a material generated through pyrolysis at temperatures ranging
from 200◦C tomore than 1,000◦C. It can be readily identified by 13CNMRbecause of a prominent
peak at 125–130 ppm in the aromatic C region (Figure 2). However, the quality of the initial
organic feedstock (e.g., crop residues, wood, municipal waste, sewage sludge, manure, and animal
bones) and pyrolysis conditions (i.e., temperature and oxygen availability) can deeply change its
chemical profile. For instance, low-temperature biochar produced from wood and crop residues
contains a considerable amount of bio-oils (Figure 2) (62).
In the past ten years, biochar has been reported to be capable of suppressing diseases caused
by airborne and soilborne fungal pathogens, including Botrytis cinerea, Leveillula taurica, and
Podosphaera aphanis; several formae speciales of F. oxysporum, P. aphanidermatum, Phytophthora
12 Bonanomi et al.
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cactorum, Phytophthora cinnamomi, and R. solani (31); the parasitic weed Phelipanche aegyptiaca (30);
and the nematode Pratylenchus penetrans (36). The mechanism of action differs substantially from
that of other OAs because biochar does not provide a readily available food base for soil microbes,
whether pathogenic or beneficial (20, 58). During biomass pyrolysis, the rapid disappearance of
easily degradable carbon sources and the enrichment of aromatic fractionsmake biochar an organic
material capable of stimulating plant growth but not of acting as a food base for microbes. Instead,
its porous structure can physically sustain soil microbe colonies by providing sites not reachable
by grazers or predators such as mites, collembola, protozoans, and nematodes (64, 112). For the
same reason, biochar can be used as a carrier for a variety of BMs. Postma et al. (88) reported that
biocontrol agents (i.e., Pseudomonas chlororaphis, Bacillus pumilus, and Streptomyces pseudovenezuelae)
extensively colonized the pores of bone biochar, and the combined formulation applied to the soil
effectively reduced the incidence of diseases caused by P. aphanidermatum and F. oxysporum f. sp.
lycopersici in tomato. Systemic induced resistance has also been considered as part of the biochar
mechanism of disease suppression. However, to date, few studies have provided scientific support
for this hypothesis (80).
A promising but still untested possibility for the development of novel biocontrol products is
to combine biochar, BMs, and an appropriate organic food source. The application of biochar
with other nonpyrolyzed OAs (e.g., manure, compost, and plant residues) has generated a number
of commercially applied formulations termed terra preta–like planting substrates (e.g., see 117).
In fact, specific combinations of biochar with nonpyrogenic OAs have been found to be very
effective in promoting plant growth (18, 52), whereas their ability to suppress diseases remains
untested. It is tempting to speculate that biochar and nonpyrogenic OA mixtures could provide
both safe sites and food substrates for biocontrol agents, which would be important in the early
phases of soil or rhizosphere colonization. Also in this case, defining the feeding profile preference
could be very useful for identification of the best combination of treatments. Recent findings
indicate that soil amendments containing a combination of wood biochar and alfalfa leaf litter
applied for two consecutive years dramatically change the composition of the soil microbiome and
suppress diseases on lettuce caused by F. oxysporum f. sp. lactucae or Sclerotinia sclerotiorum. Even
more interesting, a statistically significant (P < 0.01) reduction of spotted wilt virus infection was
detected on tomato (G. Bonanomi, G. Cesarano, D. Alioto, F. Scala, unpublished data).
Overall, biochar should be considered a promising tool to support soil suppressiveness to
pathogens. In a few cases, biochar has been associated with undesired effects (27). However, the
limited number of pathosystems tested and poor chemical characterization of the material used
in most published studies do not currently allow the potential of biochar to be exploited as a safe,
effective, and affordable tool for controlling plant pathogens.
Effect of Application Frequency of Organic Amendments
To adapt OA application to conventional agricultural practices, most studies have tested disease
suppression effects after a single initial application, eventually followed by once per year treatment
in the event of a long-term trial (73). This practice resulted in a pattern of alternating boom and
bust of microbial activity, causing fluctuations and instability in the functionality of the soil system
(43, 108). Interestingly, the few studies that examined the relationship between OA application
frequency and soil microbiota demonstrated that frequent treatments increase enzymatic activities
(29) and the presence of a biologically active microbial biomass (54). Unfortunately, because of the
scarcity of specifically designed studies, it is not yet clear how the application frequency of OAs
may influence disease suppression. In a recent report (14), repeated applications (i.e., every two
days) of four OA types were able to increase soil fungistasis on A. niger, B. cinerea, and Pyrenochaeta
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lycopersici by shortening the time required for its restoration. Furthermore, it was confirmed that
soil amendments have a time-dependent effect on fungistasis and pathogen inhibition, as the result
was negative in the short term (e.g., hours to days) and positive in the medium term (e.g., weeks).
Repeated applications of OAs reduced the time required for fungistasis restoration and hence the
windowof opportunity for pathogens to attack the plant.Moreover, the recurrent addition of easily
decomposable organic compounds enhanced respiration and specific catabolic capabilities of the
soil (14). The conclusion is that application frequency has the potential of significantly enhancing
the usefulness of OAs as a soilborne pathogen biocontrol tool if the relationship between OA
chemistry and efficacy is fully understood. Studies should take into account the duration of the soil-
conditioning phase, the frequency and quantity of treatments, the variety and extent of the positive
effects that OAs may have on the conditioned soil, and the time that applications remain effective.
Interactive Effects of Organic Amendments with Agronomic Practices
In experimental trials, OAs are usually applied using standard agricultural management practices,
which include agronomic and crop protection treatments often based on fungicides, mineral fer-
tilizers, herbicides, and insecticides that are known to have an impact on soil microbiota (22, 53,
107). Fumigants, for instance, indiscriminately kill both pathogenic microbes and BMs, altering
the species composition and thus reducing the diversity and functionality of soil microbiota (94).
The decreased biological diversity may change the outcome of competitive interactions of soil
microbiota feeding on native organic matter, exogenous OAs, and root exudates, which may lead
in some cases to a dissemination of aggressive pathogenic species. The use of soil fumigation fol-
lowing OA applications, an erroneous technique still practiced in several farming regimes, alters
the soil microbiome, which could abolish the suppressiveness induced by OAs, thus favoring the
long-term incidence and spread of soilborne diseases. Fungicides, as well as mineral fertilizers,
have also been demonstrated to reduce microbiota diversity and functionality (24, 51). Clearly,
there is a need for gaining insights into the compatibility of OA application with other agronomic
practices in terms of beneficial effects on soil microbial functions.
CONCLUSIONS
To achieve the necessary reduction of chemical inputs, synergistic combinations of bio-based
practices should be developed and widely applied. Well-characterized OAs used together with
highly effective BMs can address the increasing problem of soilborne pathogen control, with an
action mediated by and associated with the promotion of beneficial soil microbiota. Finally, both
OAs and BMs could be produced by using wastes, residues, and a variety of organic materials,
thereby supporting a green approach to a circular economy.
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